The association behaviour of a number of glucitol amine gemini surfactants has been investigated by means of molecular dynamics and self-consistent-field calculations. We have shown that the titratable head group of the surfactant is responsible for a micelle-to-membrane transition when changing the pH. Furthermore, the association structure of this group of surfactants is shown to be very sensitive to ionic strength. The combination of a charged head group, a spacer, and the hydrophilic glucitol side chains is responsible for the possible structural transitions in the associates as a function of ionic strength and pH.
Introduction
A gemini (or dimeric) surfactant is generally defined as two conventional single-tailed surfactants linked at or near the head group by a spacer [1, 2] . Due to the unique properties of these molecules, the interest in gemini surfactants has increased dramatically over the last decade (see Ref. [3] and references therein). The self-association into micelles, bilayers, and other nanoscopic structures is one of the topics which is relevant both to real-life applications as well as to fundamental research. In general, gemini surfactants show a remarkably lower critical micellization (better association) concentration (c 0 ) than their conventional counterparts [4] on a per head group base. One of the areas in which self-association is considered to be important, is the use of cationic surfactants as transfection agents [5] . The use of gemini surfactants would in such case decrease the needed concentration and therefore also reduce the toxic effects which are known for cationic surfactants. Two recent in vitro transfection studies show that cationic gemini surfactants indeed are able to efficiently transfer DNA to the cell nucleus [6, 7] . Recently, we showed how DNA can be efficiently compacted by different gemini surfactants at extremely low concentrations [8] . Fielden et al. [7] synthesized and used glucitol amine gemini surfactants in their transfection study. Several physico-chemical properties of the same system are reported by Bergsma et al. [9] . The molecular structure of the surfactants used in those studies is shown in Figure 1 . The sugar residues make the surfactant sufficiently hydrophilic to dissolve to a small extent into water, which is of course essential in biological systems. We have chosen to analyze the association behaviour of these surfactants on a molecular level with simulation techniques in order to understand some of the reported physico-chemical properties.
Although the amount of physico-chemical research related to gemini surfactants is tremendous, theoretical or simulation studies on the remarkable surfactants are still 318 The European Physical Journal E quite rare. One of the first simulation studies on such systems was carried out by Karaborni et al. [10] , who studied the association behaviour with molecular dynamics. Maiti and coworkers [11, 12] have made some progress in using Monte Carlo simulations in order to describe the association behaviour of some generalized non-ionic gemini surfactants. A third technique which we consider powerful in the study of self-association is the self-consistent-field theory, as used by for conventional surfactants.
Methods and "materials"
In order to get a detailed picture of the association behaviour of the sugar-based gemini surfactants, we have chosen to use two different simulation techniques. We apply molecular dynamics to obtain structural details about a single membrane forming system and self-consistent-field calculations to look into the effects on associate structure and shape of surfactant architecture and its environment (e.g., pH or ionic strength).
Molecular-dynamics simulation
One way to gather information about the structure of an associate of glucitol amine surfactants is the use of molecular-dynamics (MD) simulations. The microscopic state of a surfactant system of N atoms can be described in terms of the positions (r i ) and momenta (p i ) of the contained atoms. The interactions between the atoms contain both non-bonded (electrostatic and dispersion) and bonded (bond, angle, dihedral) terms. A time trajectory of the system is generated by solving Newton's equations of motion. A time-average of a sufficiently long run corresponds to an ensemble-average.
In the MD simulations the gemini surfactant is built up by connected segments (or "atoms") comparable to atoms in the real surfactant. It should be noted, however, that the CH, CH 2 , and CH 3 groups are represented by united atoms, i.e., they are considered as one segment. Furthermore, it is considered that the amine group is unprotonated, implicating a relative high pH. All bond lengths and all angles involving hydrogens were constrained using the LINCS algorithm [16] . The interactions are calculated by use of the Gromacs force-field [17] , which has proven to be successful in modelling lipid bilayer systems (i.e. [18] ). The water is modelled as SPC [19] . Its geometry was constrained with the SETTLE [20] algorithm. The constraining algorithms employed are very stable and permit the use of a 5 fs time step [21] . Standard weak-coupling schemes [22] were used to imply the constant pressure (see below) and temperature (T = 333 K) conditions. Furthermore, a group-based twin range cut-off scheme was used to treat the non-bonded interactions. A cut-off of 1.0 nm was used for the Lennard-Jones and of 1.5 nm for the electrostatic interactions (updated every 5 time steps). Periodic boundary conditions were applied to generate a quasi-infinite multilamellar system. The system contains 5048 H 2 O molecules together with 128 surfactant molecules. Initially, a bilayer was created by placing the lipid molecules on a regular grid. An extensive equilibration procedure (5 ns) ensured the bilayer to adapt an equilibrium configuration. Subsequently, two different 5 ns simulations were performed. In one simulation an isotropic pressure coupling was applied (1 atm in all directions), implying a system with zero surface tension. The other system was subject to a lateral pressure of −100 atm versus a perpendicular pressure of 1 atm, implying a small positive surface tension. There is an ongoing discussion in the literature whether or not in small finite systems a small positive surface tension is required to compensate for the tension induced by the suppression of long-wavelength undulatory modes [23, 24] . For the current system the effect of the applied surface tension was a small increase in equilibrium area per lipid, 0.82 nm 2 compared to 0.80 nm 2 for the simulation at zero surface tension. Other properties of the bilayer such as the distribution of atom types across the bilayer are almost identical, therefore we will show results obtained for the zero surface tension simulation only (based on the final 2 ns).
Self-consistent-field theory
The equilibrium behaviour of a surfactant system can be modelled by the use of a mean-field lattice theory in which all molecules in the system are considered to be built up of one or more monomers each occupying one lattice site. We use the self-consistent-field (SCF) formalism developed by Scheutjens and Fleer (SF), which was originally designed for calculations on polymer adsorption [25, 26] . The mean-field character of this theory is reflected in the way the properties of the composing molecules are averaged over each layer in the lattice, where the layer boundaries can be either flat, cylindrical or spherical. Leermakers and Scheutjens modified the SF theory for the use on surfactant systems, and also introduced the possibility to account for chain stiffness by the use of a rotational isomeric scheme (RIS) [13] . The SF theory is a combination of two distinct parts. A self-consistent-field part is used to handle the energetic interactions. The electrostatic forces are incorporated in the form of a potential of mean force u el (z) (used parameters are the relative dielectric permittivity i and valency ν i per monomer) as in the Gouy-Chapman theory, where z is the lattice layer number. Excluded-volume interactions are included in a hard-core potential u (z) by demanding every layer in the lattice to be filled. Finally, nearest-neighbour interactions are taken into account by the use of an interaction potential u int (z) (used parameters are the Flory-Huggins interaction parameters χ ij between the different monomers). The second part of the SF approach is the so-called chainpropagation part which accounts for chain connectivity. In its simplest form it uses first-order Markov statistics which basically says that the set of all conformations of a linear molecule of N monomers with the first monomer at position z, can be approximated by by the set of all walks of N −1 steps departing from this location. The RIS model is
